12.7-mm-(0.500-in-) diameter silicon nitride balls at maximum Hertz stresses ranging from 4.27x10 9 N C m2 (620,000 psi) to 6.21x10 9 NI m2 (900,000 psi) at a race temperature of 328K (130 0F). The fatigue life of NC-132 hot-pressed silicon ritride was found to be equal to typical bearing steels and much greater than other ceramic or cermet materials at the same stress levels.
A digital computer program was used to predict the fatigue life of 120-mm- Hot-pressed silicon nitride is a ceramic material which has been Proposed for rolling-element bearings as well as for journal bearings `6,.
Rolling-element fatigue testing of hot-pressed silicon nitride has resulted I in seemingly contradictory results. Poor results were obtainedin the limited tests reported in ['7,81 ; whereas the results reported in 1%101 showed the fatigue .life of hot-pressed silicon nitride to exceed that of a typical 4 rolling-element bearing steel. However, it was speculated that the porosity and impurity content of the particular grade of material as well as the surface preparation techniques had significant effects on the difference in results reported in 17, 81 and 1% 101. The significance of these factors, discussed in 110,, were that material porosity, inclusion content and finishing procedure significantly affected the rolling-^lement fatigue life of hot-pressed silicon nitride.
The objectives of the research reported in this paper were (a) to compare the lives of two grades of hot-pressed silicon nitride with typical rolling-element bearing steels and (b) predict the effects of silicon nitride balls on the fatigue life of high-speed ball bearings.
in order to accomplish the above objectives, 12.7-mm-(0.500-in-)
diameter hot-pressed silicon nitride balls of two different grades were tested in the five-ball fatigue tester. Test conditions included a contact k angle of 30 0 , a shaft speed of 9400 rpm, a super-refined naphthenic mineral oil lubricant, and a race temperature of 328K (13 00 F). To establish a stresslife relation for the material, tests were run at maximum Hertz stresses in the range from 4.27x109 N/m2 (620,000 psi) to 6.21x10 9 Nfm2 (900,000 psi). The NASA five-ball fatigue tester was used for all tests conducted.
The apparatus is shown in Fig. 1 Lubrication is provided by a once-through, mist lubrication system.
The lubricant was a super-refined naphthenic mineral oil with a viscosity of 79 centistokes (79x10 -6 m2/sec) at 311K (100 0 F). Vibration instrumentation detects a fatigue failure on either the upper or a lower ball and automatically shuts down the tester. This provision allows unmonitored operation and a consistent criterion for failure.
Silicon Nitride Balls
The hot-pressed silicon nitride balls used as upper test balls were fabricated from one batch of each grade of material. The balls were made from cubes cut from silicon nitride plate material and were finished to a AFBMA grade 10 specification. Surface finish of the balls was 2.5 to 5,0x10 ° cm (1 to 2 ,tin.) rms.
Typical mechanical properties of hot-pressed silicon nitride are shown in Table 1 . Two grades of hot-pressed silicon nitride were tested in this program. These were an early grade (HS-110) with a bulk density of 3.14 g/cc and a more homogeneous and more dense grade (NC-132) with a bulk density of r 3.24 g/cc. Analyses of these grades are shown in Table 2 . The results of the fatigue tests are shown as a Weibull plot in Fig. 2 and are summarized in Table 3 . Each of the grades of silicon nitride were tested at two stress levels. In each case the life at the lower stress was greater than at the higher stress. The slopes of the Weibull lines for the HS-110 silicon nitride ( Fig. 2(a) ) are similar to that expected for typical bearing steels. The slope of the data for NC-132 silicon nitride ( Fig. 2(b) )
is slightly greater than that for the HS-110 which could be expected for the more homogeneous material. Also shown in Fig. 2 are the 90 percent confidence limits on the data as calculated by methods of [13, . The interpretation of these limits is that the true life at each condition will fall between thes limits 90 percent of Vii_ time. At the lowcx stress level with the HS-110 material ( Fig. 2(a) ) where only six failures were recorded the confidence band is considerably wider than at the higher stress level where 19 failures occurred.
As is seen in Table 3 , the more dense, more homogeneous NC-132 silicon nitride has a ten percent life more than an order of magnitude greater For a typical bearing steel (A.T SI 52100) under identical conditions in the five-ball fatigue tester [14] , n has been determined to be 12. These data for AISI 52100 are also shown in Fig. 4 along with further data from [15] for AISI 52100 and AISI M-50 at a maximum Hertz stress of 5.52x109 N/m2 (800,000 psi).
At this maximum Hertz stress level, the NC-132 hot-pressed silicon nitride gives rolling-element fatigue life at least equal to the typical bearing steels AISI 52100 and AISI M-5 0 . The higher-stress-life exponent for silicon nitride means that it is more sensitive to a change in stress than typical bearing steels. Thus, as stresses are reduced to the level experienced in rolling-element bearing applications, NC-132 hot-pressed silicon nitride running against steel would be expected to give fatigue lives equivalent to or greater than typical bearing steels.
In 15] the ten-percent life of hot-pressed alumina balls running lubricated against steel lower balls in a five-ball fatigue tester was 0.5x106 stress cycles at 4.14x109 NIm2 (600,000 psi). Hot-pressed alumina had at that time given longer lives in similar tests than any ceramic or cermet material 14,51. The ten-percent life of HS-110 silicon nitride against steel lower balls from Table 3 is It was assumed that the theoretical distribution of failures between the rolling elements and the races as considered in [17] is not altered by 0 the substitution of silicon nitride balls for steel balls. That is, it was assumed that the silicon nitride balls will have lives equal to or exceed-P.
ing those of the steel balls.
The analytical bearing life results for three thrust loads are seen in Fig. 5(a) . For a bearing containing silicon nitride balls with internal geometry identical to that with the bearing containing steel balls, bearing life is not improved at speeds to at least 3.5 million DN. This lack of life improvement is due to the very high modulus of elasticity of silicon I nitride and the resulting increase in Hertz stress for a given contact load.
(The modulus of elasticity of silicon nitride is approximately 1.5 timee that of steel. Because of this difference, the Hertz stress in the contact of a silicon nitride ball on a steel race will be higher than that with a steel ball on a steel race for a given contact load and geometry.) While centrifugal force is reduced by at least fifty percent, the stress at the inner race is greatly increased (Table 4 (a) and (b)). The stress at the outer race is nearly unchanged. As a result, bearing life is decreased. 5. The fatigue spells on the silicon nitride balls were similar in appearance to those obtained with typical bearing steels. , o
